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UNCLASSIFIED 

High-speed wind-tulonel tests ham been made  to  investigate  the  aero- 
dyuamic  characteristics at subEonZc specda of two  symmetrical  double- 
wadga a i r f o i l  sectione of 4- and 6-percent-chord thichess euitable for 
application to mpersonic aircraft. Section coefficients of lift, drag, 
and qmtez=chord pitch5ng moment are  preaented for a moderate r-8 of 
mgles of  attack  at Mach numbers to  approximately 0.93. Comparisons 
are d e  between the sfgnificant  characteristics of the  double-wedge 
airfoils  and  those of the FIACA 65"206 airfoi l  a8 an inbx  of the merit 
of the  former at subsonic speeds. 

The double-wedge  airfoil  exhibits no characteristics  other  than 
those comnon to the usual subsonic pro f i l e  which  would  contribute  to uz1- 
steady or uncontrollable  flight at subsonic speeh of amraft employing 
such a section for lifting surfaces. The 1lft"curve slope varies  with 
Mach number in a mnner sfmilar to  that for RACA 6f-series airfoils of 
smll thiclmoss. The maxirmun lift  ccefficients at low Mach numbers f o r  
the doublewedge type of airfoil are  conrparable to those of uncambered 
&percent-chord--tkick NACA airfoils. The drag characteristics of the 
double-wedgo airfoil, vhile definitely inferior to thoss of more conven- 
tLonal airfoils  at all but t h e  highest t e s t  speeda, are such aa to per- 
mit reasona3ly  8atiafacto.r~  airpJane porformnce at  subsonic speds. In 
eummery, the  test reeulte indicate tho  definite  practicajility of the 
felrght at subsmic spaeda of aircraft with w i n g s  cqosed of-thin airfoil 
eecticns of the dmble-wdge tme. 

The present  widespread  acceptance of the comept of practical  flight 
at supersonic speede has focused  incroaslng  attention upon tho  develop- 
ment of airfoil shapes which  will  permit  sustaincit  flight of aircraft at 
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these epeods. The shapes, and hence the aerodynamic ckrac te r i s t ics ,  of 
a i r f o i l s  designed for use a t  s u p o r s d c  speeds differ basically fram 
those employed at enbeonic speeds. T b  supersonic  airfoil, i n  pract ical  
application, however, must traveree the aubsonic meed range in acceler-r 
a t ing   t o  supersonic velocit ies.  Any a l rPoi l  eect lan sulsable for super- 
eonlc appl2cation mt in addition, therefore, permit ~taady and con- 
trollabbe flight at subeonlc and transonic speede. 

The present Fnveetigation was undertaken to provide infomation on 
the  behavior.at subeonic speeds of  two double-wedge a i r fo i l   sec t ians  
suitable f o r  1180 a t  supersonic speeds. Those aerodynamic characterist ics 
which largely dete,-mine airplane performance, s t ab i l i t y ,  and control were 
evaluated f o r  eymmatrical doUble-wer?ge a i r fo i l s  havlng thickness-chord 
ratios t / c  of 0.04 and 0.06 and campared with corresponding  characterc 
i s t i c s  for the IUSA 65-206 airfoil section. The latter waa choeen a8 the 
most satisfactory  Gpercent-chord-tuck eubeonic airfoil section f o r  
which comparable data were available. This cmparison, made under v i r  
tually identical teat  conditions of Reynolds number, tunnel-wall inter- 
ference, and i n e t m n t a t i o n ,  afforded a reliable meane for evaluating 
the relative merit8 a t  Bubsonic speedrr of' the double-xedge airpoll 8eC- 
t ion. 

Apparatue and Tests 

The tes ts  were performed in the Amse I- by 3$-foot high-peed w i n d  
c 

tunnel, a low-turbulence, twc-dimemiaaal flow, closed-throat wind tun- 
nel. Power is supplied by two 1000-horsepower motors in suFficiBnt quan- 
t i t y  t o  achieve the choked-flow coaditlan dfscussed in  reference 1. 

Two doubly symmetrical doublewedge airfoila having thickneeees of 
4 and 6 percent of the chord were constructed of steel f o r  the tes te .  A 
sketch of the double-wedge sections together with the NACA 65-26 profi le  
appears in figure 1. A photograph of an actua l  model fe given in figure 
2. The a i r fo i l8  were of 6-bch  chord and were mounted &e sham in figure 
3 eo aa t o  span ccmrpletely the 1-foot width of the tucnel test sectian. 
Two-d.Lmenaional-flow~ccmUtione were achieved through  the prevention of' 
end lealuge about the airfoil by meane of rxbber gaskets compressed b e  
tween the model ends and the tunael side walls. 

M0EtBUrement8 of l i f t ,  dra, and. quartexhord  pi tching mment w e r e  
mule sirrmltaneou~~ly far m e s  of attack from Oo t o  10° at Mach numbere 
f r o m  0.30 t o  approxiinately 0.93,. t h e  tunnel chohtng epeed f o r  the models 
tested. The Reynolda numbers corresponding t o  them Mach numbers ranged 
from appr-teu 1 X 108 to nearlg 2 x ICs. 

Airfoil  l i f t  and pitching m m n t  were determined Prom maawmements 
of the reactions on the tunnel w a s  of the force8 on the airfoil. Very 
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eatiefclCtOr~ agrement has  been  demcnstrated in previous  teste between 
lift ard mmnt characteristics beterm5ned by thie  method an& the come- 
epond.ing characteerietic8  integrated from sfnnrltaneoualy  obsemed  preeeure 
di8tributFo.m. Drag was determined  from wake-survey measurements made 
with a mvable  rake of  t o t a l  head tubee. 

Section lift, drag, an3 quarte-hord pitching+mmnt  coefficients 
f o r  the 4” anti 6-prcent-chord double-uedge airfoils  are  presented in 
figures 4 t o  6 and 7 t o  9, reeoct ively,  aa functions of Mach  number for 
c a s t a n t  a q l e s  of attack. Corresponding characteristics for the NACA 
65-206 airfoil   section  are  given in figures 10 t o  12. Cross plots  at 
constant Mech  number sharing  the  variation of flection lift coefficient 
with  angle of attack, and of section drag and gitchingjnoment  coeffi- 
ciezts  with  section l i f t  coefficient for all three a i r f o i l s  appear i n  
figures 13 t o  21. Th3 apparent  failure in the c&~es of the double+redge 
a i r fo i l s  t o  real ize  zero lift and zero  pitclring mamrnt at zero  incidence 
throughout the  entire Mach number range is attributed t o  .two factoro. 
Firs t ,   the   a i r foi ls  were not  exectly sgmmetrical  about  both the chord 
l i ne  and the midchord axie. Second, the  nethod of l i f t  and pitch- 
moment measlu-anent in.rolves the application of substantial tare correc- 
t ione  to  the measured-data. Hence a t  very low angles of attack, where 
the  indicated  forces on the eirfoils are  of the same order of magnitude 
ae the t s r e  correctlone, amall errors may be introduced i n  reducing the 
measured data  to  the  actual a i r foi l  characteristics. All data have been 
corrected f o r  tunnel-wdl  interference by the methods of reference 1. 
The broken l ime noted in the curve8 of figures 4 t o  2 1  are ueed to indi- 
cate that data obtained in  the  vicinity of the wind-tunml  choking  veloc- 
i t y  are not  coneidered  reliable. 

A measure of the  relative writ of the double-wedge a i r f o i l  a t  high 
subsonic epeeds is  given Fn figures 22 and 23 which depict  the  variation 
of the reepective  l if t-  end bag-divergence l4ach numbers with  section 
l i f t  coefficient. For cdmparative purposes tho divergence  velocities for 
the IUCA 6 > ~ 6  a i r f o i l  a r e  a lso  shown in figures 22 and 23. The  Mach 
number of l i f t  divergence is defined BB the  value of  the Mach  number COP- 
responding to   the  inf lect ion poin t  immediately preceding  the major peak 
on the curve of lift coefficient against Mach number.  The drag-divsrgence 
velccity is the Mach nmber at  which the f i n a l  rapid r i s e  in drag coeffi- 
cient  begine . 
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The variation of sectfon lift coefficient wlth Mach number, e h m  in  
f igwes 4 and 7 f o r  the double wedge airf'ofls, appears t o  bo very elmi- 
t o  that f o r  more convmtlanal  airfoil  eectians aa exemplified by the 
NACA 65-206 profile in figure 10. LLft fer the double-weQe airfoils  is 
in  f ac t  maintained t o  Mach numbere at3 hi@ 88 t h e e   f o r   t h e  EACA 65-208 
airfoil a l b e i t  the lift-divargehce Mach numbera, as defined herein and 
preeeated in figme 22 for   the airfoi le  under CCnatdesatiaS, wculd not 
appear t o  fully euppo-rt t h i s   ca t en t ion .  

L i f t  divergence, ae mlght be expected, is postpcned t o  acmewhat 
higher Mach numbere for the 4-percsnt-chord t h i ck   a i r fo i l  than for the 6- 
gercent-chord thick.  section. 

A particularly  significant  characterist ic of airfoil sections l e  the 
slope of the l i f t  curve  because it i s  one of the principal factor8  affect- .. 
ing airplane  s tabi l i ty  and control. In figure 24 the  variation in lift- 
curve slope with Mach number for the. double-wedge a i r f o i l s  is seen to be 
8 F m i h r  to  that f o r  the NACA 6+206 airfoil. The law-epesd value of lift- 
curve slope corresponds t o  the uaml value of apprcxfmately 0.1 (per 
degree) for airfoils. A t  high Mach numbers the effect  of thickness on the 
elope appears t o  be the same for the doublwedge E t i r f O i l 8  SB that which 
has been noted elsewhere f o r  other type airfoils. Changed In s t ab i l i t y  
at transonic apeeds, ae fnfluenced by variations in lift-curve  slope, 
would seem, then, t o  be no more mvere f o r  aircraft employing double-wedge 
airfoil sections a8 l i f t i n g  surfaces than for thoee employing more ccnven- 
tianal  eect5om. 

.# 

The maximum lift characterist ice of t b  eymmetrical double-wedge sip 
foil8 a r e  men Frm figure 25 to be inferior to those of the NACA 6 m 6  
eectian. This ob8ervation is not a8 sI@pificant BB would f i r e t  appear in 
view  of the evibnce presented in reference 2-demonstrebtlng that, f o r  
Reynolde numbere from 3 X 10g to 9 X lo6, tlle maximum lift coeffi- 
cients of all NACA 6-percent-chord-thick sgmmetrical. airfoil   eectione have 
values in the neighborhood of 0.83. The addition of c a b e r  appears, from 
this reference, to result in an increase In the maximum lift coefficlent 
by an amount anroximately aqua1 t o  the dseign lift coefficiont. The low- 
speed (0 .3  Mach number) value of naaxfmum lift coefficient of approximately 
0.82 for tho  6"percent-chord-tbick doublff-wedge airfoil w o u l d  appear to  
indicate that the thin double-wedge airfoils a r e  ae aatisfactory ae other 
t ypee  of airfoils of cclqparable thicknses 88 far &B maximum lift i 8  con- c 

cemed. 
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The variation in section drag coeffic5ant  with Mach number  shown in 
figures 5 and 8 for   the double-wedge a i r fo i l s  is similar t o  that f o r  
subsonic airfoil section8  (cf. fig. 1l f o r  the IUCA 65206 a i r f o i l ) .  
Although f o r  a given l i f t  coefficient  the drag coefficients f o r  the 
double-.nedge sections are cansiderably in excem of those f o r  the NACA 
6>-s3ries airfoils over most of the  speed  range  investigated,  the drag , 
cmves for  tha formr r i ee  Less steeply  with Mach number beyond the dreg- 
divergence  velocity.  This  characteristic is more c lear ly   i l lus t ra ted   in  
figure 26 wbich depicts  the  veziation in section drag coefficient  with 
Mach nunber at  a l i f t  coefficient of 0.1 for  both  the double-wedge ah- 
f o i l s  an6 the NACA 65-206 a i r fo i l .  From this figure a reduction  in thick- 
ness of ths double-xedge prof i le  Fs seen to result in a more gradual drw 
increase  with Mach number above the -vergence velocity. 

In figure 23 it m ~ y r  be seen that the Mach numbers of drag divergence 
f o r  the doublewedge a i r f o i l  are very much lower than those  for  the 
NACA 63-series  aizfo1.l af comparable th ichess ,  probably bemuse of the 
abrupt change in contour cat tho midchord position of the fomer.  

Pitching-Momnt  Characteristics 

Figues 6 and 9 Fndicate little variation in pitching-moment coeffi- 
cient w i t h  Mach  number a t  small angles of attack f o r  the double-wedge 
airfoils. T h i s  characteristic is more et?.-ikLngly denonstrated Ln figure 
27 where the  variation in pitch*-moment coefficient w i t h  Mach  number is 
shown for both the double wed6es Elnd the NACA 65-206 a i r f o i l  at a lift 
coefficient of 0.1. lprm this figure it may be noted that the  variation 
is much less for the double-wedge a t r fo i l e  than for   the NACA 65-206 a i r  
f o i l .  T h i s  difference in  variation  can probab1;g  be attr ibuted t o  the 
amount of camber rather than to  the  particular airfoil shape. 

The variation in pitching-rwment coefficient w i t h  l i f t  coefficienk, 
which appears in f igwee 15 and 18, respectively,  for  the 4” and & p e r  
cent double wedges at various Mach numbers, is such a8 t o  exert a mildly 
8ta’biliZing  effect upcn an airplane. A t  very high Mach numbers this 
s t ab i l i z ing  influence bacames incroasingly  severe. 

From the result8 of t ee t s  at subsonic speeds of two double-wedge 
a i r fo i l   sec t iom suitable for use a t  supersonic speeds the follcWi22.g 
aignificant  cacclusions  are dram: 
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1, The  double-wedge  airfoil of small thickness  exhibits no charac- 
teristics  peculiar  to  Its  type  which  would  prohibit its uee as a lifting 
surface on aircraft  operating  in  the  subsonic  speed range. 

2. The elopes of the  lift  curve8 f o r  the  double-wedge  airfoils st 
low speeds correspond  to  the  usual  value of approximately 0.1 (per  degree) 
for  airfoil  sections. 

3. The law-speed maximum lift coefficients of the double-wedge  air- 
f o i l 8  Investigated are sensibly  the saqe a.5 thoee of uncambered NACA 
airfoils  of  comparable  thlCkne86. 

4. The drag chmacteristics of the double-wedge a i r fo i l s  m e  infe- 
rior except at very high Mach numbers to thoee of the NACA 65-206 airfoil, 
a representative thln  subsonic  profile. A t  epeeds somewhat above those 
corresponding  to  drag  divergence,  the  drag  rises  leee  steeply  with Mach 
number f o r  the fomner. 

" . 
.. 

5. At  low  lift  coefficients the variation in  pitchirg-moment coef- 
ficient  with  Mach  number  for the double-wedge  airfoils l e  regular and 
small. 

Ames  Aeronautical  Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Moffett  Field,  Calif. 
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2. Abbott, Ira H., von Doenhoff,  Albert E., and Stivere,  Louis S., Jr.: 
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Figure 2.- Model o f  the symmetrical  4-percent-ohord-thick 
double-wedge airfoi l .  
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Fig. 3 

Pigure 3.- Airfoil  model mounted in the t e s t  section of the 
1 by 3 1/2-foot high-speed wind tunnel ,  
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